Recently, Coppola and colleagues demonstrated that a rare microtubule-associated protein tau (MAPT) sequence variant, c.454G > A (p.A152T) significantly increases the risk of frontotemporal dementia (FTD) spectrum disorders and Alzheimer disease (AD) in a screen of 15,369 subjects. We describe clinical features of 9 patients with neurodegenerative disease (4 women) harboring p.A152T, aged 51 to 79 years at symptom onset. Seven developed FTD spectrum clinical syndromes, including progressive supranuclear palsy syndrome (n = 2), behavioral variant FTD (bvFTD, n = 1), nonfluent variant primary progressive aphasia (nfvPPA, n = 2), and corticobasal syndrome (n = 2); 2 patients were diagnosed with clinical AD. Thus, MAPT p.A152T is associated with a variety of FTD spectrum clinical presentations, although patients with clinical AD are also identified. These data warrant larger studies with clinicopathologic correlation to elucidate the influence of this genetic variant on neurodegenerative disease.
chromosome 17, occurring at a heterozygote frequency of approximately 0.41%. 2 Functional assays reveal that p.A152T decreases the binding of tau to microtubules, resulting in less efficient microtubule assembly. 2 Also, p.A152T is associated with increases in tau oligomer formation. 2 Recently, Coppola et al 2 reported in 15,369 subjects that p.A152T significantly increases the risk for frontotemporal dementia (FTD) spectrum disorders (n = 2139; odds ratio = 3.0; confidence interval, 1.6-5.6; P = 0.0005) and Alzheimer disease (AD) (n = 3345; odds ratio = 2.3; confidence interval, 1.3-4.2; P = 0.004) compared with 9047 controls.
Several patients with neurodegenerative disease carrying MAPT p.A152T have been described. A 67-year-old man with progressive cognitive decline over 5 years starting with memory impairment followed by a speech disorder and frontal lobe symptoms showed left-sided myoclonus and stereotypies in late stages of disease. 3 Autopsy revealed an atypical 4R tauopathy. Another report described patients with parkinsonism and neurofibrillary tangle pathology (n = 2), corticobasal degeneration (n = 1), and Parkinson disease (n = 1). 4 Here, we describe 9 patients with neurodegenerative disease who harbor MAPT p.A152T, all of whom come from the large screen performed in our previous study. 2 Seven of 9 presented with FTD spectrum clinical syndromes associated with Frontotemporal lobar degeneration due to tau (FTLD-tau), whose predominant clinical syndromes were progressive supranuclear palsy (PSP) (2) , bvFTD (1), nfvPPA (2) , and corticobasal syndrome (CBS) (2) . Two patients received clinical diagnoses of AD.
METHODS
Patients with neurodegenerative disease (n = 10,310) and healthy controls (n = 5059) were screened for MAPT p.A152T in the parent study (Coppola et al 2 ) . We screened an additional 765 patients with neurodegenerative disease and 427 healthy controls from the University of Cantabria and Hospital Universitario Donostia, and 40 patients with dementia and 41 healthy controls from Dokuz Eylu¨l University. This series includes patients with neurodegenerative disease from this genetic screen for which detailed clinical information was available retrospectively. Four clinical evaluations occurred at the University of California, San Francisco Memory and Aging Center (UCSF MAC), 1 at University of California, Los Angeles (UCLA) Neurobehavior Clinic, 1 at Hospital Universitario Donostia, San Sebastian, Spain, and 2 at the dementia outpatient clinic of Dokuz Eylu¨l University, Izmir, Turkey. Evaluations included a history and physical examination by a behavioral neurologist. Neuropsychological data, including tests of global cognition (Mini Mental State Exam, MMSE), verbal learning (California Verbal Learning and Consortium to Establish a Registry for Alzheimer's Disease Verbal Learning), fluency, naming (Abbreviated Boston Naming Test), visuospatial construction (Benson figure), calculations and executive function (Modified Trails) are reported where available. 5, 6 Functional status was measured using the Clinical Dementia Rating scale, 7 and behavioral symptoms were measured using the Neuropsychiatric Inventory. 8 Brain magnetic resonance imaging (MRI), computed tomography, or positron emission tomography (PET) with fluorodeoxyglucose (FDG) or Pittsburgh Compound-B (PIB) were performed in a subset of patients (Supplementary Digital Content 1, http://links. lww.com/WAD/A54).
Genetic testing for mutations causing FTD (MAPT, GRN, and C9ORF72 9,10 ), apolipoprotein E (APOE), and the extended MAPT haplotype, which is overrepresented in CBD and PSP, 11 was performed in all patients and controls 2 (Supplementary Digital Content 1, http://links. lww.com/WAD/A54).
The research protocol was approved by the UCSF, UCLA, Hospital Universitario Donostia, and Dokuz Eylu¨l University institutional review boards for human research. All participants or their surrogates consented to the research protocols. Details regarding age, sex, and occupation have been altered for some cases to obscure patient identities.
RESULTS

Patient 1
A 51-year-old woman had diplopia, difficulty with peripheral vision, and apathy 3 years before evaluation. A year later, fine-hand movements, such as fastening buttons, proved challenging and she noted short-term memory changes and word-finding difficulty. Two years from symptom onset, she had frequent falls, dropped objects and had trouble controlling her car steering wheel. Dysarthria and dysphagia emerged, and her family noted that she laughed and cried uncontrollably. One brother had epilepsy and another brother was diagnosed with obsessive-compulsive disorder and schizophrenia. Four other siblings were healthy.
Examination revealed masked facies, the procerus sign (vertical wrinkling of the forehead), 12 and pseudobulbar affect. Speech was dysarthric and she was bradykinetic. Saccadic eye movements had increased latency and reduced velocity, more prominently in the vertical than horizontal plane. Examination showed marked axial rigidity and bilateral limb rigidity more prominent on the left with left arm dystonia. Deep tendon reflexes were brisk throughout, more on the left, and plantar responses were flexor. Cerebellar signs were absent; sensory examination was normal. Gait was wide based and stooped and she exhibited moderate retropulsive instability. Although she carried a PSP clinical diagnosis, she did not meet research criteria for PSP because falls did not begin within 2 years of symptom onset. 13 Neuropsychological testing revealed mild global cognitive impairments. Brain MRI showed mild dorsomedial frontal and midbrain atrophy ( Fig. 1 ).
Patient 2
A 62-year-old woman had falls, slurred speech, a right arm tremor and personality changes 2 years before evaluation. One year before evaluation, she developed a shuffling gait and had difficulty seeing tennis balls on the ground.
Once highly charismatic, she grew quiet and passive. She became impatient and agitated, displaying disinhibition in social situations. She was extremely anxious about terrorist attacks and worried about her personal safety. Her lifelong difficulty with overeating intensified several years before evaluation. Cognitive symptoms included subtle changes in planning and multitasking. Memory remained intact. Subsequently, she noticed difficulty looking downward, and she developed urinary frequency. She cried easily, although she denied feeling depressed. Her mother, 5 maternal aunts, and uncle had a history of psychiatric neurodegenerative illness, some requiring institutionalization in late life.
On examination, speech was mildly dysarthric and aprosodic. Apraxia was absent. Facies was masked. The procerus sign and square wave jerks were present. Vertical saccade velocity was reduced with downgaze slower than upgaze. There was mild axial rigidity and asymmetric upper extremity cogwheel rigidity, more prominent on the left. Mild, symmetric hypertonia was present in the lower extremities. Tremor and dysmetria were absent. Repetitive hand and foot movements and sensory examination were normal. Deep tendon reflexes were 2 + and plantar responses were flexor. Her gait had diminished left arm swing and she had mild retropulsive instability.
Over the next 2 years, she had absent downgaze and slowed horizontal saccade velocities. Axial and appendicular rigidity worsened. Gait grew more bradykinetic with shuffling, and she held her left arm flexed at her side. The predominant clinical diagnosis was PSP with elements of bvFTD.
Neuropsychological testing showed impairments in episodic and working memory, processing speed, and executive function. Subsequent evaluations revealed declines in affected domains with new impairments in visuospatial construction and memory.
Cerebrospinal fluid (CSF) Abeta and tau tests were inconclusive for AD (Table 1 ). Brain MRI showed no atrophy or structural lesions on visual inspection ( Fig. 1 ).
Patient 3
A 69-year-old man had personality changes starting a year and a half before presentation. Previously outgoing, he rarely initiated conversations, and his responses grew terse.
He gained 20 pounds in 1 year due to less exercise and a new preference for desserts. He persisted in activities, such as eating, unless prompted to stop. He rubbed his thigh with his hand and locked doors repetitively. Memory and language functions were normal. A maternal aunt and uncle were thought to have AD. One child was diagnosed with depression.
On examination, he had mildly masked facies and a paucity of spontaneous speech. He had trouble demonstrating a wave goodbye. Cranial nerve examination was unremarkable. Mild axial rigidity was present; appendicular tone was normal. Power in the limbs was full, and tremor was absent. No dysmetria was noted. Deep tendon reflexes were slightly brisker on the left; ankle jerks were absent and plantar responses were flexor. Proprioception and vibration sensitivity were diminished in the feet. Gait showed slightly diminished left arm swing. He had no retropulsive instability. One year later, verbal output diminished further and he had developed a bilateral low amplitude, high-frequency postural tremor. He met criteria for bvFTD, 14 eventually developing a few motor features.
Neuropsychological tests showed below average verbal and visual fluency, working memory, and set-shifting. Verbal and visual memory, figure copying, and calculations were within normal limits for age. The following year, he showed significant declines across all cognitive domains, except figure copying, which remained normal.
Brain MRI showed severe bilateral frontal atrophy, more prominent on the left, with relative sparing of temporal cortex. He died 7 years after his initial symptoms. Magnetic resonance imaging brain of: patient 1 with PSP, T1 axial and sagittal show midbrain and dorsomedial frontal atrophy; patient 2 with PSP, T1 axial shows no atrophy or lesions; patient 4 with nfvPPA, T1 sagittal and coronal FLAIR reveal mild bilateral insula atrophy, slightly more prominent on the left; patient 5 with nfvPPA and elements of PSP, T1 axial and coronal reveal bilateral frontal and insular atrophy, worse on the left, temporal atrophy worst in the temporal poles and on the left. PIB-PET is negative for b-amyloid; patient 6 with CBS, FLAIR axial shows mild generalized atrophy with focal anterior greater than posterior insular and biparietal atrophy, slightly worse on the right and minimal periventricular white matter changes; patient 7 with CBS, T1 axial and coronal show bilateral temporoparietal atrophy worse on the right, bilateral hippocampus atrophy worse on the right, PIB-PET is positive for b-amyloid; patient 8 with AD, T1 axial and coronal show generalized atrophy with focal bilateral posterior parietal and hippocampus atrophy; and patient 9 with AD, FLAIR axial shows generalized atrophy with severe medial temporal atrophy. All images shown in radiologic orientation. AD indicates Alzheimer disease; CBS, corticobasal syndrome; nfvPPA, nonfluent variant primary progressive aphasia; PIB-PET, Pittsburgh Compound-B-positron emission tomography; PSP, progressive supranuclear palsy. A 69-year-old woman presented with language and speech difficulties. She had problems with naming, and speech was stuttering, hesitant, and effortful. Comprehension, memory, orientation, and other cognitive domains were spared. Five years after her first symptoms, she became mute. At this time, she developed anxiety and aggression. Other behavioral symptoms such as apathy, disinhibition, hyperorality, and psychosis were absent. Her brother was diagnosed with amyotrophic lateral sclerosis and died 2 years later at the age of 36.
Two years after symptom onset, neurological examination showed no abnormalities with no signs of parkinsonism or motor neuron disease. Clinical diagnosis was nfvPPA. 15 Brain MRI showed bilateral insular atrophy, slightly more prominent on the left. Seven years after symptom onset, she developed dysphagia and died from choking on food.
Patient 5
A 56-year-old man presented with word-finding difficulties; a year later, he developed significant difficulty speaking for days after an orthopedic surgery under general anesthesia. A brain MRI was unrevealing. His language recovered somewhat over days, but subsequently worsened over several years.
He also developed insidious personality changes. Previously outgoing, he grew withdrawn and anxious. He cried easily in response to mild emotional triggers, such as sentimental commercials. He played computer card games repetitively. A paternal uncle and maternal grandmother developed Parkinsonism in their 50s. His brother stuttered beginning in childhood. On his paternal side, there was a history of alcohol use and suicide.
At presentation, 3 years after symptom onset, examination revealed mild disinhibition, impulsivity, and exaggerated playfulness. Apraxia was absent. Language was agrammatic with apraxia of speech and phonemic paraphasias. He followed simple commands and could only repeat single words. Cranial nerve examination was normal. There was mild right upper extremity hypertonia with augmentation and no axial rigidity. Rapid hand movements were slow on the left. There was a mild high-frequency, low-amplitude postural left arm tremor. Deep tendon reflexes were 2 + ; plantar responses were flexor. Sensation was intact. His hands assumed a mildly flexed posture during ambulation.
Five years after symptom onset, he developed mild memory loss and trouble with problem solving. Six years after symptom onset, examination showed mild masked facies, a procerus sign, square wave jerks, and slowed velocity and increased latency of vertical saccades. Posture became rigid with diminished arm swing bilaterally but no retropulsive instability. Clinically, he met criteria for nfvPPA 15 with behavioral changes and elements suggestive of PSP syndrome. 13 Neuropsychological tests revealed word comprehension and repetition deficits and phonemic paraphasias. Naming was within normal range. Working memory and verbal fluency were below average for his age.
Brain MRI showed bilateral frontal and insular atrophy, worse on the left (Fig. 1) . Temporal lobe atrophy was worst in the temporal poles and on the left. Parietal lobes were relatively spared. FDG-PET scan showed decreased metabolism in frontotemporal and parietal cortex. PIB-PET scan showed no evidence of amyloid deposition.
Patient 6
A 67-year-old man first noted difficulties with memory, problem solving, and reading 3 years before evaluation. One year later, his left foot dragged when he walked. Manual dexterity was impaired, particularly on the left. He developed prominent limb myoclonus, greater on the left. Over the next 3 years, depression and apathy worsened and memory and problem solving declined. He became unable to locate objects in his left visual field. His father died in his late 80s with an uncharacterized dementia.
Examination revealed bilateral ideomotor apraxia more prominent on the left. Saccadic eye movements had increased latency to initiation with normal velocity. There was decreased muscle bulk in the left lower extremity, but strength was full. Prominent myoclonus was noted in all extremities, particularly in the left upper extremity. Deep tendon reflexes were symmetrical, with Babinski sign present on the left and absent on the right. On subsequent examinations, he developed prominent left-sided visual neglect, hypomimia, parkinsonism more prominent on the left, and a high-frequency, low-amplitude postural tremor in the left upper extremity, which assumed dystonic postures. He met criteria for CBS. 16 Neuropsychological testing revealed prominent difficulty with visuospatial construction and mild deficits in visual memory retrieval. Language, verbal memory, and attention were relative strengths. Subsequently, deficits in executive function emerged.
Brain MRI showed mild generalized atrophy with focal anterior greater than posterior insular atrophy and biparietal atrophy, slightly worse on the right and minimal periventricular white matter changes (Fig. 1) . FDG-PET showed asymmetric right parieto-occipital hypometabolism.
Patient 7
A 68-year-old man presented with intermittent left eyelid flickering and diplopia 7 years before evaluation. One year later, word-finding and comprehension difficulties emerged, and he misspelled words. Five years before evaluation, his ability to organize and plan declined. A few years before evaluation, memory declined, articulation and stuttering emerged, and he noted trouble with left leg coordination and using utensils. He made repetitive right hand movements, of which he was unaware. Swallowing grew difficult. He exhibited personality changes including apathy and social withdrawal. His brother, who suffered multiple concussions, had dementia.
On examination, he had masked facies. Speech was hypophonic, effortful, and agrammatic, with numerous paraphasias. Ideomotor apraxia was present in both upper limbs and the left lower extremity. Smooth pursuit eye movements were interrupted. Saccades showed increased latency, reduced velocity, and decreased amplitude in all directions. He had a decreased left nasolabial fold, with symmetric activation of facial muscles. Axial rigidity and mild bilateral arm rigidity were present. The left arm assumed a dystonic posture. There was mild left-sided weakness and hyperreflexia. Plantar responses were flexor bilaterally. Hand grasp reflexes were present bilaterally. Sensory examination was limited, but no neglect was noted. Gait was bradykinetic with a slightly widened base, normal stride, decreased arm swing bilaterally, and posturing of the left arm. Mild postural instability was present.
One year later, he started to mumble and stutter. He developed orobuccal apraxia. Both arms assumed postures when he walked. His left arm drifted and his left hand grabbed his right hand. Clinically, he met criteria for CBS 16 and also exhibited features of nfvPPA. Neuropsychological testing revealed an MMSE score of 7/30.
Brain MRI showed bilateral temporoparietal atrophy worse on the right, bilateral hippocampus atrophy worse on the right, and mild periventricular white matter disease (Fig. 1 ). Brain PET showed bilateral temporoparietal hypometabolism, worse on the right; PIB-PET was positive for b-amyloid. On account of prominent temporoparietal atrophy and hypometabolism, a positive PIB-PET scan, and CSF studies suggestive of AD, underlying AD pathology was suspected, although comorbid FTLD-spectrum pathology could not be excluded.
Patient 8
A 79-year-old man had difficulty managing his finances and medications and 4 years of progressive memory decline. He became suspicious and repeatedly counted his cash, but he remained dynamic and humorous. Language remained intact, but he spoke less. Family history with respect to neurodegenerative disease is limited, because his mother died in childbirth at age 30 and his father died at age 45 of unknown cause.
On examination, he was pleasant and cooperative. Cranial nerves were intact. The left upper extremity had mild cogwheel rigidity with augmentation and a mild postural tremor. There was a slight tremor in his right hand when he wrote; dysmetria was absent. Repetitive finger, hand and foot movements were normal. Deep tendon reflexes were 2 + and plantar responses were flexor. Sensory and gait examinations were normal. Evaluations over the next couple of years showed no significant changes. He met criteria for probable AD. 17 MMSE was 20/30 with deficits in short-term memory, working memory, and visuospatial construction. Verbal fluency was impaired. Brain MRI showed generalized atrophy with focal bilateral posterior parietal and hippocampus atrophy and mild posterior periventricular white matter disease (Fig. 1 ).
Patient 9
An 84 year-old woman had progressive memory decline over 5 years. Her initial symptoms included misplacing objects and repeating herself. She was motivated to perform household chores but grew unable to do so. There was no history of behavioral or personality changes, language or speech difficulties, or spatial disorientation. She had a mild, bilateral hand tremor. She had 1 paternal aunt with dementia.
On examination, she was pleasant and cooperative. Apraxia was absent. Cranial nerves were intact. Strength was full. A mild, high-frequency bilateral postural hand tremor was present. Deep tendon reflexes were symmetrical, ankle jerks were absent, and plantar responses were flexor. Proprioception and vibration sensation were diminished in the feet. Gait was normal and she had no postural instability. She met criteria for probable AD. 17 Neuropsychological tests showed global deficits; verbal memory and verbal fluency were most affected. Brain MRI showed generalized atrophy with severe medial temporal atrophy (Fig. 1) .
No patients harbored MAPT, GRN, or C9ORF72 mutations. Demographic characteristics and genetic testing results are shown in Table 1 . Neuropsychological test results are presented in Table 2 .
DISCUSSION
Here, we report 9 patients with MAPT p.A152T. Seven developed an FTD spectrum clinical syndrome starting between ages 51 and 69, whose predominant clinical syndromes include PSP (2), bvFTD (1), nfvPPA (2), and CBS (2) . Although these clinical syndromes are each associated with several underlying histopathologies, clinicopathologic series have demonstrated that all 4 syndromes have strong links to underlying tau pathology. [18] [19] [20] [21] [22] [23] Two patients with symptom onset in their 70s developed clinical AD. Of note, all patients had a family history of neurodegenerative disease except patient 7 (whose brother had dementia presumably from multiple concussions) and patient 8 (whose parents died at ages 30 and 45). Interestingly, patient 4 had a brother with ALS, which is not associated with FTLD-tau; thus, the significance of this is unclear.
These observations raise several possible roles for p.A152T in neurodegenerative disease. First, p.A152T may predispose carriers to FTLD-tau spectrum disorders with no influence on AD pathology. Seven of 9 patients described here had syndromes strongly linked with FTLD-tau: nfvPPA, CBS, and PSP syndrome. 16, 18, 22, 24, 25 Non-tau FTLD pathologies can be seen with nfvPPA and CBS 16, 26 ; therefore, clinicopathologic correlation is needed to determine whether p.A152T serves as a risk factor for FTLD-tau or for FTLD more broadly.
Another possibility is that p.A152T increases the general risk for neurodegenerative disease. Patients 8 and 9 had clinical AD, and patient 7 presented with CBS but had evidence of underlying AD pathology, including a positive PIB-PET scan, a CSF profile consistent with AD, and temporoparietal atrophy on MRI, a marker for AD pathology even in atypical presentations. 16, [27] [28] [29] Patient 7 was the only patient who possessed an APOE E4 allele, which may explain his early age of onset of amyloid deposition, whether or not it represented the primary pathology. Although strong indicators suggest that patient 7 may have underlying AD pathology, mixed FTLD and AD neuropathology remains a strong possibility. Again, autopsy series are needed.
To our knowledge, only 1 other MAPT codon outside the tau microtubule-binding domain has been reported in association with 2 patients with neurodegenerative disease. Hayashi et al 30 reported a 75-year-old man presenting with memory changes, disorientation, and with p.R5H on MAPT occurring in exon 1 at the amino terminus far from the tau microtubule-binding domain. Autopsy revealed tau pathology similar to both familial multiple system tauopathy with presenile dementia and PSP. In vitro, p.R5H impaired microtubule assembly and promoted fibril formation. Poorkaj et al 31 also reported a patient with a genetic variant at the same codon on MAPT, p.R5L, with PSP syndrome, subsequently confirmed as PSP at autopsy. The authors described delayed microtubule assembly initiation and a lower mass of microtubules formed, noting that epitope studies suggested an interaction between the microtubule-binding domain and the amino terminus in paired helical filament tau, but not normal tau, thereby explaining a possible pathogenic mechanism for a genetic variant at this locus. 32 We describe the largest series of detailed clinical information for the MAPT p.A152T carriers to date in this report. This series, however, is based on retrospective data and neuropsychological data were unavailable for a subset of subjects. Future prospective studies of MAPT p.A152T carriers with neuroimaging and neuropathology are needed to further define MAPT p.A152T's clinical correlates.
Future genetic and pathologic studies are needed to determine the pathogenic mechanism of p.A152T and explore its potential role in the development of FTLD and AD. Studies that screen the entire MAPT gene will prove crucial to identifying the full spectrum of tau-related disorders.
